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Abstract

Ultra-small metal oxide nanoclusters are produced and characterized in the gas phase
using laser ablation of solid metal targets and then subsequently captured in solution.
Fundamental measurements in the gas phase use mass spectrometry and infrared laser
spectroscopy, complemented by computational quantum chemistry. Recent experiments have
investigated the carbonyl complexes of Ti, Zr, Hf, Sc, Y and Rh, as well as those of vanadium
oxides. In synthetic experiments, metal oxide clusters are captured from the gas phase into
solution, stabilized with ligand coatings, using a new fast-flow reactor. We are interested in the
structure of these clusters and its influence on their reactivity, which is most relevant for their
applications in catalysis. New experiments have isolated ligand-coated oxides of Co, Cr and Al,
as well as pure aluminum clusters. Additional work has examined vanadium carbide clusters as
well as metal-silicon clusters of several transition metals. These ultra-small clusters are studied
with laser desorption and electrospray ionization mass spectrometry, optical spectroscopy
methods (IR, surface-enhanced Raman, UV-visible absorption and fluorescence) and
computational chemistry. The fundamental and applied studies complement each other,

providing unanticipated discoveries and improved understanding of oxide nanocluster systems.
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Objectives

The goal of this research program is to investigate the structure and bonding in stable metal-
containing clusters which may be useful for "cluster-assembled materials.” A secondary goal is to
investigate the mechanisms of small molecule adsorption on the surface of metal clusters.
Molecular adsorbates are required for ligand-coating stabilization of metal clusters, allowing them
to be isolated in solution. Nanoparticles containing metals may provide new catalysts with
enhanced selectivity, optical or electronic materials for plasmonics or solar energy conversion, or
synthetic routes for improved ceramics. The enabling technology for all of these potential
applications is the controlled synthesis of desired nanoparticles with desirable composition and
stability. Our research project explores new ways to make nanoparticles with specific compositions
and new experiments with which to characterize their properties. In this work, metal-containing
clusters in the size range of up to 50-100 atoms are prepared in the gas phase via laser vaporization
of solid targets. We focus on metal oxide species, which have many known applications in catalysis.
We use mass spectrometry and infrared laser spectroscopy to measure the properties of these
clusters in the gas phase to evaluate their likely stability, and comparisons are made to the
predictions of theory to enhance the understanding of metal bonding interactions. Promising
candidate species are transitioned from the gas phase experiments to higher throughput synthesis
experiments in a specially designed laser vaporization flow reactor. In this approach, ultra-small
oxide or other metal-compound clusters are produced at higher concentrations, coated and
solubilized with specific ligands, and captured as materials in solution. Optical spectroscopy, mass

spectrometry, and microscopy are applied to characterize these new cluster materials.

Status of Effort
Gas phase experiments using laser photodissociation and laser spectroscopy were conducted

on various metal-containing clusters using pulsed molecular beam machines coupled with time-of-
flight mass spectrometers. These experiments explored the new kinds of nanocluster materials that
can be produced and investigated their structures and stabilities. Synthesis experiments that isolate
ligand-coated nanoclusters in solution were conducted using a new laser ablation flowtube reactor.
Graduate, undergraduate, and postdoctoral students were trained in various aspects of physical and
inorganic chemistry as they apply to the gas phase synthesis and characterization of unusual

nanocluster molecules.
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Accomplishments/New Findings
Research in this project over the last three years has focused on 1) the infrared spectroscopy
of metal carbonyl complexes and 2) the synthesis of new ligand-coated metal oxide clusters with

our laser vaporization flowtube reactor. Significant progress has been made in each of these areas.

Infrared Spectroscopy of Metal Carbonyl Complexes

Infrared spectroscopy is a well-established method with which to probe the structure of
molecular species in a variety of chemical situations, especially on the surfaces of metal or metal
oxide catalysts. To investigate metal-adsorbate interactions on small model systems relevant for
nanocatalysis, we have focused on metal carbonyl complexes in the gas phase. We study cation
species, which can be mass-selected and probed with tunable laser photodissociation spectroscopy.
These experiments are only possible because of our efficient sources for making gas phase clusters,
and the new infrared optical parametric oscillator laser systems that now provide IR light across the
600-4500 cm™ range. We have measured infrared spectroscopy for these systems in the carbonyl
stretching region near 2200 cm™. Photodissociation channels, and the shifts of C-O stretching
vibrations, compared to the predictions of DFT theory, make it possible to determine the
coordination number for these systems (CN), their electronic spin states, and their structures.

In the past, we studied the carbonyls of Co, V, Nb, Ta, Mn, Au and Pt. The C-O stretches
for these cation species are generally shifted to the red like those found for the corresponding
neutrals, although the cation shifts are smaller. Gold and platinum exhibit unusual blue-shifted C-O
stretches. We found CN values of 6 for Mn™, 5 for Co", 2 for Au®, and 4 for Pt". The CN values
for Co™ and Mn" are expected based on the 18 electron rule. The cation-carbonyls of V¥, Nb* and
Ta" were studied because the 18-electron rule predicts an unusual CN of 7. However, we found that
V" produces only a six-carbonyl complex under our conditions. Nb* produces both a six-coordinate
and a seven-coordinate complex, while Ta" produces only the seven-coordinate species. According
to electron counting and the predictions of density functional theory computations, the earlier
transition metals should have even higher CN values, e.g., 7 or 8 for the Ti, Zr, Hf, which are odd-
electron species as singly charged cations, or 8 for Sc and Y, which could conceivably form an 18-
electron species. However, in new experiments, we found experimentally that there were CN
values of 6 for all the titanium-group metals. Scandium had a coordination number of 7, and only Y
had the expected 8-coordinate structure, the first time such a high-coordinate structure has been seen

for a transition metal carbonyl. The lower CN values seen for several metals that did not form 18-
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electron complexes were interpreted to arise from a kinetic bottle-neck in cluster growth, resulting
from an electron spin change required to add the last CO ligand. This caused heavier metals, which
have stronger spin-orbit coupling, to have a better chance of forming the higher CN complexes.

In other new carbonyl species, we studied copper cation carbonyls, which form a four-
coordinate complex isoelectronic and iso-structural with the known neutral Ni(CO),. However,
unlike the nickel complex, the copper systems have blue-shifted CO stretches, like the behavior
seen previously for gold. Rhodium carbonyl complexes were found to form both the 4-coordinate
(16-electron) and 5-coordinate (18-electron) complexes, with square planar and square pyramid
structures, respectively.

In a final area, we examined oxide-carbonyls of vanadium, i.e., the VO*(CO),, VO,"(CO),
and VO3'(CO), systems. In each of these ions, the coordination number involved a combination of
oxygen atoms and CO ligands, but a total CN of six was found for each complex, consistent with
the CN value of V*(CO),. The CO stretches for these systems were blue-shifted, like CO stretches
when this ligand is adsorbed on oxide surfaces. The extended range of our new infrared lasers also
allowed us to measure the V-0 stretches (near 1000 cm™) of these complexes for the first time,
providing additional information about structures and spin states.

Synthesis of Ligand-Coated Oxide Clusters

In the last several years, we have developed a laser ablation flowtube reactor (LAFR) that
produces gas phase clusters via laser vaporization, but with a higher repetition rate to allow
greater duty cycle. Clusters are produced in a flowing gas mixture where they are cooled as they
grow, and then stabilized against reactions and further growth by ligand-coating. We have found
conditions needed to isolate a number of interesting cluster species using this new method. In
the vanadium oxide system, specific cluster stoichiometries (V307, V4Oq, V5012) that were shown
to have high stability in our molecular beam experiments were isolated in solution with ligand
coatings of THF or acetonitrile. To our knowledge, this is the first time that magic number clusters
from gas phase experiments have been isolated as ligand-coated species. Moreover, the clusters
produced in this way are ultra-small, much smaller than those produced by other synthesis
methods, and therefore likely to have very different properties. Characterization of these ligand-
coated oxides included laser desorption mass spectrometry, infrared, Raman and UV-visible

spectroscopy, fluorescence spectrometry and lifetimes, as well as TEM microscopy.
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Newer work extended these studies to cobalt and chromium oxides and to both oxides
and pure metal clusters of aluminum, using acetonitrile as the ligand. The chromium solutions
produced were brown, and mass spectra indicated the formation of coated Cr;O19 and CrgO14
under different conditions. Both of these masses were also seen in molecular beam experiments.
The cobalt oxide sample produced a blue solution, and mass spectra had a single main peak at
551 amu. Mass assignment indicates the formation of a CozOg(CH3CN)g complex. Theory and
higher mass measurements are planned for this system. The aluminum experiment produced
ligand-coated Al,O3 even though oxygen was not added, presumably it comes from surface oxide.
Surprisingly, however, the main cluster isolated was ligand-coated Als. This small cluster has
been studied previously in the gas phase, and its liquid sample fluoresces in the same region as
the gas phase spectrum. Surface enhanced Raman spectroscopy (SERS) was employed on each
of these samples, providing vibrational spectra that could be compared to theory. The
concentrations of the chromium and aluminum samples were great enough for analysis with
HPLC. Full characterization of these samples is ongoing as of this writing.

To continue to develop our capability for the synthesis of these new cluster materials, we
have focused on improved instrumentation for their synthesis and characterization. The most
important addition to the program was a new excimer laser (Coherent LPXPro 240F), allowing
higher efficiency laser ablation for the synthesis process. This laser operates at higher laser pulse
energy (300 mJ/pulse) and higher repetition rate (400 Hz), proving more ablation energy per
pulse and more pulses per second. A second development was the addition of an electrospray
ionization time-of-flight (ESI-TOF) mass spectrometer to the lab (PerSeptive Biosystems
Mariner), which provides a different ionization mechanism for our sample and higher mass

resolution than possible in the laser desorption process.

Personnel Supported by and/or Associated with this Project
Faculty:

Professor Michael A. Duncan (one month summer salary)

Prof. Heather Abbott-Lyons, summer visiting faculty and collaborator from Kennesaw State
University (no support).

Postdoctoral Fellows:
none
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Graduate Students:

Antonio Brathwaite Ph. D. degree received December 2013
Collin Dibble Ph. D. degree received May 2013
Scott Akin Ph. D. program

Xianji Liu Ph.D. program
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Invited Lectures Presented by the PI on this Research

1.
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"Infrared spectroscopy of cold ions and clusters: Inorganic and organic chemistry in the
gas phase," Departmental Colloguium, University of Tennessee, February 9, 2012.

"Infrared spectroscopy of cold ions and clusters: Inorganic and organic chemistry in the
gas phase," Physical Chemistry Seminar, University of Pennsylvania, February 16, 2012.

"Infrared spectroscopy of cold ions and clusters: Inorganic and organic chemistry in the
gas phase," Departmental Colloguium, Virginia Tech University, October 5, 2012.

"Production, isolation and characterization of metal compound nanoparticles,"
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Doping and Hybrid Formation,” Technical University of Berlin, Germany, October 19,
2012.
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"Metal oxide nanoclusters: From the gas phase to solution,” International Symposium on
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Solution,” Molecular Dynamics Contractor's Meeting, Air Force Office of Scientific
Research, Arlington, VA May 21, 2014.
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University of Tennessee, September 29, 2014.
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Symposium on Molecular Spectroscopy, Columbus, OH, June 2012.
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b) consultative and advisory functions

Dr. Shaun Ard, a previous postdoc on this project, moved to the Air Force Research Lab at
Kirtland AFB, where he is presently working as a postdoc with Dr. Al Viggiano. Our group is
collaborating with the Viggiano group on the design and implementation of a laser vaporization
source for the production of gaseous metal ions and clusters.

Dr. Justin Young, a former postdoc from our group, moved to the Air Force Research Lab at
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c¢) Technology Assists, Transitions and Transfers

none
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